Rationale: Small airways are the primary site of pathologic changes in chronic obstructive pulmonary disease (COPD), the major smoking-induced lung disorder.
The human airway epithelium is composed of ciliated and secretory cells that mediate host defense at the airway surface, as well as basal stem cells (BCs) that reside above the basement membrane and operate as stem cells that self-renew and differentiate into ciliated and secretory cells (1, 2) . The proportion and biologic properties of these cells change along the proximal-distal (P-D) axis (3) (4) (5) (6) (7) . Compared with its proximal counterpart, the small airway epithelium (SAE), which covers the distal airways, has no mucus-producing ("goblet") cells, substituted in this region by secretoglobin (SCGB)-producing ("club") cells. BC numbers progressively decrease with each subsequent airway branch, although compared with the mouse small airways, where BCs are absent, BCs are found in humans throughout the tracheobronchial tree (4, 7) .
The heterogeneity of the lung epithelium across the P-D axis is initially determined by the developmental P-D patterning program that allows endodermderived progenitors to specialize into the respiratory ("distal") and conductive airway ("proximal") epithelial cell types during lung morphogenesis (8) (9) (10) (11) . Whether a similar program is maintained in the adult human airways and how it changes in human lung diseases is unknown.
Chronic obstructive pulmonary disease (COPD) is a smoking-induced lung disorder characterized by progressive, irreversible airflow obstruction caused by the remodeling of small airways (12, 13) . Although smoking causes airway remodeling across the tracheobronchial tree, smoking-induced pathologic changes in the small airways, including increased thickness of the SAE and occlusion of small airways by mucus, have been associated with airway obstruction in COPD (12) . Capitalizing on the P-D patterning concept and the knowledge that airway BCs are responsible for the maintenance of normally differentiated airway epithelium (4, 5) , we hypothesized that the SAE in smokers with chronic obstructive pulmonary disease (COPD-S) loses its region-specific phenotype as a result of pathologic programming of SAE BCs by smoking-dependent factors.
By analyzing the transcriptomes of the airway epithelium from different regions of human airways, we identified molecular signatures that define the P-D axis in the adult human airway epithelium. Consistent with our hypothesis, there was a dramatic smoking-dependent loss of the SAE transcriptomic identity in COPD-S, with a shift toward the proximal phenotype, which was reproduced in vitro by exposing the differentiating SAE BCs to epidermal growth factor (EGF), a growth factor up-regulated in the SAE of smokers. Thus, smoking-dependent reversal of the physiologic P-D airway pattern is a novel feature of small airway disordering in COPD driven by aberrant differentiation of SAE BCs.
Methods Study Population and Sample Collection
All individuals were evaluated at the Weill Cornell Medical Center National Institutes of Health Clinical and Translational Science Center and Department of Genetic Medicine Clinical Research Facility under protocols approved by the Weill Cornell Medical Center Institutional Review Board. Before enrollment, written informed consent was obtained from each individual. The epithelium was collected from the proximal airways (total, n = 48; including trachea [n = 27] and fourth-to sixthgeneration bronchi [n = 21]) of healthy nonsmokers and distal airways (SAE; 10th-to 12th-generation bronchi) of healthy nonsmokers (n = 63), healthy smokers (n = 73), and COPD-S (n = 37) by bronchoscopic brushing as described elsewhere (14) . Inclusion and exclusion criteria are detailed in the online supplement, and demographic data are provided in Table 1 .
Gene Expression Analysis
Transcriptomic analysis of the airway epithelial samples was performed using the Human Genome U133 Plus 2.0 array (Affymetrix, Santa Clara, CA) and GeneSpring 7.3.1 software (Agilent Technologies, Palo Alto, CA) as described previously (14) . Proximal and distal airway epithelial signatures were defined as sets of genes expressed significantly higher in one anatomic region than in another using the following criteria: (1) present call greater than or equal to 80% in the signature region, (2) fold change greater than or equal to 2, and (3) false discovery rate (Benjamini-Hochberg-corrected P value) less than 0.01. Ingenuity Pathway Analysis (QIAGEN Bioinformatics, Redwood City, CA) was used to identify enriched biologic functions and upstream regulators. Protein-protein interaction (PPI) networks were constructed using STRING9.1 (15) as described elsewhere (16) . Enriched Gene Ontology categories and protein families were identified using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (17) and Gene Annotation Tool to Help Explain Relationships (GATHER) (18) . Principal component and clustering analyses were performed using GeneSpring 7.3.1 software as previously described (19) .
Expression of identified signatures in the SAE of different groups was compared using a P value less than 0.05 with the Benjamini-Hochberg correction as the criterion for differentially expressed genes. As a cumulative measure of signature expression, indices were calculated using previously described methodology as the percentage of genes with expression levels outside the range of 2 SD of the mean in healthy nonsmokers (14) . Significant differences in indices between the groups were determined using the Mann-Whitney U test. The raw data are publicly available at
At a Glance Commentary
Scientific Knowledge on the Subject: The airway epithelium is heterogeneous along the proximal-distal axis of the tracheobronchial tree. Recent evidence suggests that distal, or small, airways and the epithelium that covers this anatomic region represent the primary site of pathologic changes in chronic obstructive pulmonary disease, the major smoking-induced lung disorder. Although the mechanisms that control proximal-distal patterning in the murine lung have been characterized, the transcriptional program that defines region-specific phenotypes in the adult human airways and how it changes in lung disease remain unknown.
What This Study Adds to the
Field: By analyzing the transcriptomic profiles of epithelial samples from various airway regions of the human lung, the transcriptional program that characterizes the proximal-distal patterning of the human adult airway epithelium was identified. In the small airway epithelium of healthy smokers, and more so in smokers with chronic obstructive pulmonary disease, there was broad suppression of the distal patterning program, typical for this region, accompanied by acquisition of the proximal airway phenotype. This distal-to-proximal repatterning occurred independent from classic smoking-associated remodeling phenotypes and was mediated, at least in part, by augmented epidermal growth factor receptor signaling in small airway basal cells, the stem cells of the airway epithelium.
the Gene Expression Omnibus website (www.ncbi.nlm.nih.gov/geo/) under accession number GSE64614. TaqMan (Life Technologies, Carlsbad, CA) real-time polymerase chain reaction (PCR) analysis was performed as previously described (16, 20) .
Human Airway BC Studies
BCs were isolated from the airway epithelium of healthy nonsmokers as described previously (21, 22) . BC differentiation was studied using the air-liquid interface (ALI) model as described elsewhere (23) . The ALI cultures were grown with defined media (for proximal airway BCs, 2% Ultroser G; BioSerpa S.A., Cergy-Saint-Christophe, France; for SAE BCs, S-ALI media; Lonza, Basel, Switzerland) with or without recombinant human EGF (10 ng/ml; SigmaAldrich, St. Louis, MO) or cigarette smoke extract (3% CSE; a concentration known to be noncytotoxic in this model [16] ). They were prepared using previously established protocols (24; see also METHODS in the online supplement for details) and added from the basolateral ALI side every other day as described elsewhere (20, 25) . In selected experiments, epidermal growth factor receptor (EGFR)-selective tyrosine kinase inhibitor AG1478 (10 µM; Calbiochem, San Diego, CA) was applied from the basolateral side for 1 hour prior to addition of media Definition of abbreviations: B = black; COPD-S = smokers with chronic obstructive pulmonary disease; DL CO = diffusing capacity of the lung for carbon monoxide; O = other; SAE = small airway epithelium; TLC = total lung capacity; TR = trachea; W = white. Data are presented as mean 6 SD. For nine of the healthy nonsmokers, TR, bronchial, and SAE samples were from the same subjects; in an additional one, TR and bronchial samples were from the same subject; in an additional nine, TR and SAE samples were from the same subject; and in an additional eight, bronchial and SAE samples were from the same subject. *Nonsmokers (NS) were comparable to healthy smokers (S) and COPD-S with regard to sex (P . 0.3). There were more black subjects among S than in the NS or COPD-S groups (P , 0.04). NS were comparable to S in age and all lung function parameters (P . 0.05 for all comparisons), except for DL CO As a percentage of the TR, bronchial (large airway epithelium [LAE]) or SAE cells recovered. The percentage of inflammatory cells was higher in SAE (all groups) than in TR-NS (P , 0.001) and LAE-NS (P , 0.05). The percentage of ciliated cells was higher in the SAE of nonsmokers (SAE-NS) than in LAE-NS and TR-NS (P , 10 211 for both comparisons) and in LAE-NS than in TR-NS (P , 0.03). The percentage of secretory cells in LAE-NS was higher than in SAE-NS (P , 0.003) and TR-NS (P , 0.004). The percentage of basal cells was higher in TR-NS than in LAE-NS (P , 0.03) and SAE-NS (P , 10
212
) and in LAE-NS than in SAE-NS (P , 10
211
). The percentage of undifferentiated cells was higher in TR-NS than in SAE-NS and in LAE-NS than in SAE-NS (P , 10 24 for both comparisons). with or without CSE as described previously (25) . See METHODS in the online supplement for detailed description of BC studies.
Morphology
Immunohistochemistry and immunofluorescence of airway biopsy samples (obtained by bronchoscopy), lung tissue samples (US Biomax, Rockville, MD; and Lung Tissue Research Consortium, NHLBI, National Institutes of Health, Bethesda, MD) containing small airways (,2 mm in diameter), SAE brushing samples, ALI sections, and control tissues (US Biomax) were performed using standard protocols (20) . Primary antibody information is provided in Table E6 in the online supplement. Quantification analysis of the immunofluorescence staining data was performed by counting at least 100 cells per sample in at least three samples per group for tissue sections and at least five samples per group for SAE brushings as previously described (19, 25) .
Results

Identification of P-D Patterning Program in the Adult Human Airway Epithelium
By genome-wide transcriptomic analysis, we identified 134 and 233 genes with significantly higher expression in the distal ("distal signature") and proximal ("proximal signature") airway epithelium, respectively ( Figure 1A , Tables E1 and E2 ).
Distal Airway Signature
The top enriched distal signature (Dsignature) genes included secretoglobin family 3A member 2 (SCGB3A2), surfactant protein B (SFTPB), surfactant protein A2, LIM domain only 3 (LMO3), and matrix Gla protein (MGP) ( Table 2 ). The top enriched D-signature transcription factors (TFs) were forkhead box protein A2 (FOXA2), SOX9, GATA6, MKX, and ARX (see Table 2 for full gene names). By pathway analysis, we identified CCAAT/enhancer-binding protein-a (CEBPA), STK40, and NK2 homeobox 1 (NKX2-1) as the top three upstream regulators of the D signature ( Figure 1B , Table 2 ). The PPI cluster related to lung development dominated within the 36-PPI network identified in the D signature (P , 10 27 vs. random) ( Figure 1C ). Although the D signature was dominated by molecular features of epithelial differentiation ( Figure 1B , Table  E1 ), consistent with the epithelial nature of samples obtained by bronchoscopy (.98% epithelial cells) (Table 1) , a number of genes coding for scavenger receptors (e.g., MARCO and MSR1) were found in the D signature to be enriched in the PPI cluster related to host defense ( Figure 1C ).
The two top D-signature genes, SCGB3A2 and SFTPB, were expressed exclusively in the SAE, whereas other D-signature genes were also detected in the proximal airway epithelium but progressively up-regulated along the P-D axis ( Figure 1D ; see Figure E1 for more examples and PCR validation). Consistent with the transcriptomic data, SCGB3A2 1 cells were detected in the distal (frequency, 21.0 6 3.2%) but not the proximal airway epithelium; SFTPB 1 cells were found almost exclusively in the distal airway epithelium (24.0 6 7.7% vs. 0.5 6 0.6% in the proximal airway epithelium; P , 0.004); and cells expressing another D-signature marker, lactotransferrin (LTF), were more frequent in the distal airway epithelium (28.5 6 3.8%) than in the proximal airway epithelium (7.0 6 4.4%; P , 0.007) ( Figures  1E and 1F) . Nonciliated secretory cells expressed these proteins ( Figures 1E and  E2) , consistent with the dominant secretory pattern of the D signature (Table 2) .
Proximal Airway Signature
The top enriched proximal (P)-signature genes were plakophilin 1, ATP6V1C2, TP63, dystonin, and tenascin C ( Table 2 ). The top enriched P-signature TF-related genes included TP63, SNAI2, HOXA1, HOXB3, and HOXB cluster antisense RNA (Table 2) . By pathway analysis, we identified EGF, EGFR, and HRAS as the top upstream regulators of the P signature (Figure 2A ). Among the 287 PPI (P , 10 27 vs. random) ( Figure 2B ) identified in the P signature, the largest cluster was organized around the EGFR gene and included BC-related (KRT5, TP63, CD44), extracellular matrix-related (COL4A6, TNC), and epithelial-to-mesenchymal transition-related (SNAI2, TWIST) genes. The second-largest PPI cluster included genes related to oxidative stress (alcohol dehydrogenase [ADH7], glutathione peroxidase [GPX2]), xenobiotic metabolism, and nicotine degradation ( Figure 2B ). Gene categories related to the epidermis, ectoderm, skeletal system development, and extracellular matrix were enriched in the P signature ( Table 2) .
Expression of P-signature genes progressively decreased along the P-D axis ( Figure 2C ; see Figure E3 for more examples and PCR validation). Consistent with the transcriptomic data, cells expressing individual P-signature genes, including uroplakin 1B (UPK1B), sushi repeat-containing protein X-linked 2 (SRPX2), and GPX2, were found predominantly in the proximal airway epithelium (frequency, 21.5 6 3.5%, 38.9 6 3.7%, and 32.0 6 5.3%, respectively) ( Figures 2D and 2E ). In the distal airway epithelium, only few cells expressed these markers (0.5 6 0.75%, 7.2 6 3.7%, and Table E2 for full gene names and Figure E1 2.1 6 1.7%, respectively; P , 10
24
, P , 0.05, and P , 10 23 vs. proximal, respectively) ( Figure 2E ). In the proximal airways, expression of these proteins was enriched in a subset of luminal, predominantly ciliated cells marked by the presence of cilia on the apical surface ( Figures 2E  and E4 ).
Smoking-Dependent Loss of SAE Transcriptome Identity in COPD
The transcriptomic analysis revealed that 47% of D-signature genes were down-regulated in the SAE of healthy smokers compared with nonsmokers ( Figure 3A, left panel) . In the SAE of COPD-S, the proportion ( Figure 3A , middle panel) and identity (Table E3) of down-regulated D-signature genes were comparable to those in healthy smokers, with 10% of D-signature genes being further down-regulated compared with those of healthy smokers ( Figure 3A, right panel) . No significant difference was found between the study groups with regard to the distance traveled by the tip of the brush to reach distal and proximal airways during bronchoscopy (Table E4 ), suggesting that observed changes were not due to sampling.
Assessment of the SAE "D index" (see METHODS) revealed remarkable heterogeneity of healthy smokers and COPD-S based on this parameter ( Figure E5A ). Overall, the SAE D index was dramatically lower in healthy smokers than in nonsmokers (P , 0.001) and further decreased in COPD-S (P , 0.002 vs. healthy smokers) ( Figure 3B ). Principal component analysis showed that, on the basis of D-signature expression, the SAE of healthy smokers, and more so COPD-S, shifted toward the transcriptomic pattern normally displayed by the epithelium of the trachea and large airways ( Figure 3C ).
Among the D-signature genes downregulated in the SAE of smokers were secretory phenotype-related genes LTF, SCGB3A2, SFPTB, MGP, and WIF; receptorcoding genes tachykinin receptor 1 (TACR1) and folate receptor 1 (FOLR1); TF genes SOX9, FOXA2, and ARX; and others (see Table E3 for complete gene list). Expression of individual D-signature genes in the SAE of healthy smokers and COPD-S decreased to the levels expressed by these genes in the proximal airways ( Figure E2 ). Consistent with the gene expression data, there was a decreased frequency of cells expressing D-signature markers SCGB3A2 and TACR1 in the SAE samples from healthy smokers and COPD-S compared with nonsmokers ( Figures 3D, 3E , and E6), with loss of SCGB3A2 1 secretory cells in the SAE luminal compartment ( Figure 3F ).
Proximalization of the SAE Transcriptome in COPD-S
By contrast to the D signature, which was suppressed in the SAE of smokers, 40 (about Table E3 for 17%) of 233 P-signature genes were upregulated in the SAE of healthy smokers ( Figure 4A , left panel), indicative of SAE "proximalization." This phenomenon was even more dramatic in the SAE of COPD-S, where 70 (30%) of the P-signature genes were up-regulated compared with healthy nonsmokers ( Figure 4A , middle panel), and 40 (about 17%) P-signature genes were further up-regulated compared with healthy smokers ( Figure 4A, right panel) .
Assessment of the proximal index (P index) (see METHODS) revealed that more than 90% of healthy nonsmokers, but less than 80% of healthy smokers and, strikingly, less than 30% of COPD-S, had an SAE P index within the 62% of the ideal ("0") range ( Figure E5B ). The average P index was markedly higher in the SAE of healthy smokers than in nonsmokers (P , 0.001) and further increased in COPD-S (P , 0.001 vs. healthy smokers) ( Figure 4B ). On the basis of expression of both P-and D-signature genes, the SAE of healthy smokers and more so that of COPD-S shifted toward the transcriptomic phenotype of the epithelium of trachea and large bronchi (Figures E5C and E5D) .
Healthy smokers were particularly heterogeneous with regard to dysregulation of the SAE region-associated phenotype with nonsmoker-like, COPD-like, and intermediate subsets (Figures E5A-E5D ). To determine possible factors that might contribute to this heterogeneity among healthy nonsmokers, we analyzed the relationship between the SAE D-P repatterning index, measured as a sum of D and P indices, and available subject characteristics. The SAE D-P repatterning index was significantly higher in healthy smokers older than 44 years of age (median age; P , 0.05) ( Figure E5E ) and with an FEV 1 /FVC ratio less than or equal to 80% of the predicted value (median ratio; P , 0.01) ( Figure E5F ).
Among the top up-regulated Psignature genes in the SAE of COPD-S were CEACAM5, GPX2, TCN1, SRPX2, UPK1B, IL1R2, and HOXA1 (see Table E5 for complete gene list). Expression of individual P-signature genes in the SAE of healthy smokers and COPD-S increased to levels expressed by these genes in the proximal airway epithelium ( Figure E4 ). There was an increased proportion of cells expressing P-signature genes UPK1B and GPX2 in the SAE samples from healthy smokers and COPD-S compared with nonsmokers ( Figures 4C, 4D, and E7) .
To understand the relationship between smoking-induced SAE proximalization and histology, we analyzed the expression pattern of smoking-induced P-signature gene UPK1B. Similar to its expression pattern in the proximal airways, in the SAE of smokers, UPK1B was detected in the cytoplasm of ciliated cells ( Figure 4E ). The apical expression pattern of UPK1B resembled that in the urothelium and skin (FigureE8). In the SAE of smokers, UPK1B was detected in the areas free from squamous metaplasia, and its expression did not increase in association with mucous hyperplasia (Figure 4E ), suggesting that molecular proximalization of the SAE in smokers may precede the development of classic smoking-induced histologic lesions.
EGF/EGFR Signaling in SAE BCs Promotes Smoking-associated D-P Repatterning
Because the EGF/EGFR pathway was predicted as the top upstream regulator of the P signature (Figure 2A) , we focused on this signaling mechanism previously implicated in smoking-induced dysregulation of airway BCs (20) . Application of EGFR inhibitor AG1478 to proximal airway BCs during differentiation of these cells in ALI ( Figure  E9A ) decreased expression of the Psignature genes that were upregulated in the SAE of smokers, and it up-regulated D-signature genes in the epithelium derived from these cells ( Figure E9B) . Thus, EGFR signaling in proximal airway BCs promotes the proximal and suppresses the distal phenotype. This also suggests a possibility that smokingassociated D-P repatterning of the SAE might potentially be mediated by augmented EGF/EGFR signaling in this airway region. Indeed, EGF was upregulated in the SAE of healthy smokers and COPD-S (Figure 5A ), where it was detected in ciliated and secretory cells ( Figure 5B ). Similarly to proximal airways where EGFR was expressed largely in BCs (20, 26) , EGFR was detected in a subset of BCs in the SAE (Figure 5C ), suggesting the possibility that EGF/EGFR signaling might promote SAE proximalization by acting through SAE BCs.
Indeed, SAE BCs treated with EGF during their differentiation in ALI generated the airway epithelium with markedly decreased expression of Dsignature genes ( Figures 5D and E9C ), accompanied by a decreased proportion of cells expressing D-signature markers ( Figure 5E ), mimicking the phenotype observed in the SAE of smokers. Conversely, expression of the P-signature genes was up-regulated in the airway epithelium derived from EGF-stimulated SAE BCs ( Figures 5D and E9D) , accompanied by an increased proportion of cells expressing P-signature genes ( Figure 5F ). Hierarchical clustering analysis of airway brushing samples based on the expression of P-and D-signature features found to be reciprocally regulated by EGF/EGFR signaling in vitro revealed transition of the SAE from smokers toward the proximal-like airway pattern ( Figure  E9E ). Similar to the effect of EGF, exposure of SAE BCs to CSE during their differentiation in ALI resulted in decreased expression of D-signature genes and up-regulation of P-signature genes ( Figure  E9F ). The D-P repatterning phenotype induced by CSE was EGFR dependent because it was suppressed when SAE BCs were pretreated with the EGFR-selective inhibitor AG1478 prior to CSE exposure ( Figure E9F ). Together, these observations suggest that smoking-induced EGF shifts the SAE BC fate toward the proximal-like airway epithelium, mimicking the D-P Figure 2 . (Continued). full gene names and Figure E3 for more examples, statistics, and TaqMan validation) in the epithelium from the trachea (TR), large airway epithelium (LAE; n = 21), and small airway epithelium (SAE; n = 63) of healthy nonsmokers. Direction of the proximal-to-distal (P-D) axis is shown. (D) Representative images of the P (bronchus) and D airway samples analyzed using immunofluorescence for P-signature genes uroplakin 1B (UPK1B), sushi repeatcontaining protein X-linked 2 (SRPX2), and glutathione peroxidase 2 (GPX2) in combination with cilia marker tubulin b4 chain (TUBB4). Nuclei are stained with 49,6-diamidino-2-phenylindole (blue); scale bar = 20 mm. See Figure E4 for more examples. (E) Frequency of cells expressing UPK1B, SRPX2, and GPX2 in the P and D airway epithelium (nc > c3 samples; total, >500 cells per group). ADH7 = alcohol dehydrogenase 7 (class IV); EGF = epidermal growth factor; EGFR = epidermal growth factor receptor; HOXA1 = homeobox A1; HRAS = H-Ras; TCN1 = transcobalamin 1. repatterning phenotype observed in the SAE of smokers in vivo.
Discussion
Although the histologic heterogeneity of the human airway epithelium along the P-D axis is well established (3, 4, 6, 7) , the transcriptional program that defines region-specific phenotypes in the adult human airway epithelium remained largely unknown. This study identifies the P-D patterning program in the adult human airways and demonstrates that this program is altered in the SAE of healthy smokers and COPD-S so that it loses its unique molecular identity and acquires the transcriptomic phenotype of the proximal airway epithelium.
The P-D patterning program identified in the present study included a number of molecular features implicated in lung development, including the genes coding for critical regulators of distal lung morphogenesis, such as SOX9, FOXA2, and GATA6 (27) (28) (29) (30) (31) , which were enriched in the distal airway epithelium of the adult human lung. Further, NKX2-1, a TF that marks early lung endoderm progenitors (10, (32) (33) (34) (35) , was identified as an upstream regulator of the distal airway epithelial signature. This suggests that postnatal maintenance of the human SAE may involve mechanisms that control distal lung morphogenesis.
In addition to molecular features of lung epithelial development and differentiation, the D signature included a number genes coding for scavenger receptors, such as MARCO and MSR1, known to be expressed by macrophages, including alveolar macrophages (AMs) residing in the most distal alveolar compartment of the lung (36, 37) . Although the origin of macrophage-related signals in the D signature identified in our study remains unclear, because more than 98% of cells in the analyzed samples were airway epithelial cells, it is possible that a small 1 and GPX2 1 cells (percentage of total) in the SAE brushing samples from healthy NS (n = 9), S (n = 10), and COPD-S (n = 8). **P , 0.01, ***P , 0.001. (E) Representative images of immunofluorescence analysis of the distal airways of S without lung disease and COPD-S (n = 3 per group) for expression of UPK1B and cilia marker tubulin b4 chain (TUBB4), as well as (for S without lung disease) UPK1B and involucrin (IVL) or mucin 5AC (MUC5AC). Scale bar = 20 mm. FDR = false discovery rate.
ORIGINAL ARTICLE number of AMs may be present at the luminal SAE surface during their clearance from the distal lung region (38) . Recently, expression of scavenger receptors has also been shown for airway epithelial cells (39) , suggesting that both AMs and SAE cells may potentially contribute to this host defense mechanism in the distal airways.
By contrast, the proximal airway epithelium was enriched in molecular features related to ectodermal development and squamous differentiation. One explanation for this could be a higher proportion of BCs in this region (4, 7) , a cell population that contributes to pseudostratified organization of the proximal airway epithelium and exhibits a transcriptomic pattern remarkably similar to that of ectoderm-derived stratified epithelia (21, 40) . Consistent with this explanation, TP63, a BC-related TF associated with differentiation of stratified epithelia (41, 42) , was identified as the top enriched TF in the proximal airway epithelium, followed by HOXA1 and HOXB3, implicated in embryonic patterning of the hindbrain, another ectoderm-derived tissue (43) .
Although identified D and P signatures included known features of cell types enriched in corresponding anatomic regions, such as secretory cells and BCs more abundant in the distal and proximal airways, respectively (4, 7), this was not the case for a number of other signature genes. For example, the P-signature genes UPK1B, SRPX2, and GPX2 were expressed in a subset of ciliated cells, an epithelial cell type dominating in both airway regions of the human lung (3). Thus, in addition to being a transcriptomic "mirror" of differences in cellular composition along the P-D axis, the identified signatures contained information about the unique molecular features of individual cell types in different airway regions. Another characteristic of the proximal airway epithelium was enrichment of molecular features related to oxidative stress, xenobiotic metabolism, and nicotine degradation, suggesting that this anatomic compartment could be better equipped than the SAE for defense against environmental oxidants and toxins. Lower expression levels of antioxidant genes in the SAE in steady state might explain, at least in part, why this anatomic region is particularly susceptible to smoking-induced changes relevant to COPD pathogenesis (12, 13) . Alternatively, SAE may be naturally protected from the oxidative stress response, and its induction by smoking could drive COPD-relevant pathologic changes in this region, as previously proposed (14) .
Whereas, as described above, the normal human SAE maintains its physiologic "distal" molecular pattern, in healthy smokers, and more so in COPD-S, it loses its region-associated transcriptomic identity and acquires the molecular phenotype of the proximal airway epithelium. We called this process distal-toproximal (D-P) repatterning because it represents a reversal of the physiologic P-D patterning. Given that COPD is a smokinginduced lung disease in which airway obstruction results primarily from the remodeling of distal airways (12, 13) , loss of the SAE transcriptomic identity as a result of smoking-induced D-P repatterning could be relevant to the pathogenesis of small airway disordering in this disease.
Similarly to other smoking-associated transcriptome changes, such as activation of the oxidative stress program (14) or suppression of the apical junctional complex program (16) , healthy smokers were heterogeneous with respect to the degree to which the SAE transcriptome was repatterned. Although specific factors that contribute to this heterogeneity and their prognostic relevance require further investigation, age (>45 yr) and FEV 1 /FVC ratio (<80%) were associated with higher degree of D-P repatterning of SAE in healthy smokers in our study. This suggests that SAE transcriptomic repatterning may represent a subclinical phenotype associated with aging and COPD development in susceptible smokers.
It has been shown that the SAE of smokers loses SCGB-expressing secretory cells (44) and takes on some features of the proximal airways, such as increased numbers of BCs and mucus-producing cells (45) . Although, as mentioned above, the P-D signatures identified in the present study capture a number of features that reflect regional differences in cellular composition, and smoking-suppressed distal signature genes are indeed enriched in secretory cells, detailed morphologic examination revealed that proximalization of SAE in smokers occurs independent from classic smokingassociated histologic changes (i.e., mucous cell hyperplasia and squamous metaplasia). This suggests the possibility that D-P repatterning of the SAE, particularly when observed in healthy smokers, may precede the development of smoking-associated, COPDrelevant histologic lesions in this anatomic region.
To explore the mechanism of smokingassociated D-P repatterning, we focused on SAE BCs, the stem cells that maintain the unique phenotype of this anatomic region (5) , and the EGF/EGFR pathway identified in the present study as the top upstream regulator of the proximal airway signature. In a previous study, we showed that smoking up-regulates EGF in the large airway epithelium and that stimulation of large airway BCs with EGF shifts BC differentiation toward the epithelial-tomesenchymal transition-like squamous phenotype (20) . In the present study, we found that EGF is also up-regulated in the SAE of smokers and that stimulation of SAE BCs with EGF induced the D-P repatterning similar to that observed in the SAE of smokers in vivo. Inhibition of EGFR signaling in large airway BCs switched their differentiation from the proximal to the distal phenotype, whereas EGFR inhibition in SAE BCs suppressed smoking-induced D-P repatterning. These data suggest that EGFR signaling promotes the proximal airway epithelial pattern, and, when activated in the distal airways by smokingassociated factors such as EGF, shifts the fate of SAE BCs toward the proximal differentiation phenotype.
Together, the results of the present study describe the P-D patterning program in the adult human airway epithelium, which is reversed in the SAE of COPD-S in a smoking-dependent manner via a process that involves exaggerated EGF/EGFR signaling in SAE BCs. The latter observation further supports the concept that SAE BCs modified by the stress of cigarette smoking may serve as the cell of origin of small airway remodeling in COPD (46) . Targeting augmented EGF/EGFR signaling in SAE BCs may represent a novel therapeutic approach to prevent small airway disordering in COPD via restoration of the physiologic P-D patterning. n Author disclosures are available with the text of this article at www.atsjournals.org.
